We investigated serotonin signaling in C. elegans as a paradigm for neural regulation of energy balance and found that serotonergic regulation of fat is molecularly distinct from feeding regulation. Serotonergic feeding regulation is mediated by receptors whose functions are not required for fat regulation. Serotonergic fat regulation is dependent on a neurally expressed channel and a G protein-coupled receptor that initiate signaling cascades that ultimately promote lipid breakdown at peripheral sites of fat storage. In turn, intermediates of lipid metabolism generated in the periphery modulate feeding behavior. These findings suggest that, as in mammals, C. elegans feeding behavior is regulated by extrinsic and intrinsic cues. Moreover, obesity and thinness are not solely determined by feeding behavior. Rather, feeding behavior and fat metabolism are coordinated but independent responses of the nervous system to the perception of nutrient availability.
INTRODUCTION
To survive, grow, and reproduce, animals must maintain adequate energy reservoirs in environments where food availability is often scarce and dynamic. In mammals, the nervous system regulates energy balance through myriad behavioral, physiological, and metabolic responses elicited by extrinsic and intrinsic cues of food availability and energy demand (Morton et al., 2006) . The molecular underpinnings of these responses and their coordination remain key challenges in understanding energy balance and fat regulation.
The neurotransmitter 5-hydroxytryptamine (5-HT, serotonin) regulates food-related behaviors and physiology in diverse vertebrate and invertebrate phyla (Tecott, 2007) . A loss-of-function mutation in the mammalian 5-HT 2C receptor leads to obesity (Tecott et al., 1995) , and pharmacological manipulations that increase central nervous system 5-HT cause weight loss in rodents (Edwards and Stevens, 1991; Vickers and Dourish, 2004) and humans (Sugrue, 1987; Weintraub et al., 1984) . Recent efforts have begun to delineate the molecular mechanisms through which 5-HT exerts its control on mammalian energy balance (Heisler et al., 2002 (Heisler et al., , 2003 (Heisler et al., , 2006 . However, this is a challenging task given the complexity of mammalian energy regulatory pathways, compensatory mechanisms, and roles of both peripheral and central serotonergic pathways in energy balance (Fernstrom and Choi, 2008; Lam and Heisler, 2007; Tecott, 2007) .
C. elegans provides a tractable system for defining the molecular genetics of fat regulation and food-related behaviors and for disentangling the complex homeostatic mechanisms that operate in multiple tissues. Evolutionarily conserved pathways regulate food-related behaviors as well as fat regulatory mechanisms in C. elegans (Ashrafi, 2006; de Bono and Maricq, 2005) . For instance, neuropeptide Y, dopamine, and 5-HT signaling pathways modulate food-related behaviors in mammals (Morton et al., 2006) and C. elegans (de Bono and Bargmann, 1998; Hills et al., 2004; Sze et al., 2000) . Moreover, C. elegans fat reservoirs, which are stored in intestinal and skin-like epidermal cells (Ashrafi, 2006; Kimura et al., 1997) , are regulated through insulin and other neuroendocrine and transcriptional regulators of metabolic pathways that are also conserved in mammals (McKay et al., 2003; Ogg et al., 1997; Van Gilst et al., 2005) .
We examined C. elegans serotonergic fat regulation as a paradigm for elucidating how the nervous system coordinates energy balance. In the hermaphrodite C. elegans, 5-HT synthesis is limited to only a few neurons (Sze et al., 2000) . Animals deficient in 5-HT biosynthesis are viable but display phenotypes mimicking responses seen in food-deprived wild-type animals such as reduced mating and retention of eggs (Loer and Kenyon, 1993; Sze et al., 2000; Waggoner et al., 1998) . Conversely, exogenously supplied 5-HT stimulates egg laying and mating, responses associated with the re-exposure of food-deprived animals to food (Horvitz et al., 1982; Loer and Kenyon, 1993) . 5-HT signaling is also required for the dramatic reduction of locomotion when food-deprived animals re-encounter food, ensuring that these animals spend more time in a food-replete environment (Sawin et al., 2000) . 5-HT signaling also underlies experience-dependent choices that C. elegans display in selecting growth-promoting bacteria and in avoiding pathogens (Shtonda and Avery, 2006; Zhang et al., 2005) .
5-HT is a potent modulator of C. elegans feeding rate and fat content. C. elegans ingest bacteria through pharyngeal pumping. Defects in pharyngeal pumping reduce food intake and are associated with a starved appearance (Avery and Horvitz, 1990) . C. elegans match their feeding rate to food availability: feeding rate increases with increasing concentrations of food and decreases as food concentration diminishes (Avery and Horvitz, 1990) . However, the experience of starvation modulates feeding rate such that animals that have undergone a period of food deprivation temporarily feed faster than well-fed worms (Avery and Horvitz, 1990) . Thus, C. elegans feeding behavior is modulated by both food availability and experience. 5-HT treatment elicits increased feeding rate even in the absence of food (Avery and Horvitz, 1990) , while tph-1(-) mutants, which fail to synthesize 5-HT, display reduced feeding (Sze et al., 2000) . Despite reduced feeding, tph-1(-) mutants accumulate excess fat (Sze et al., 2000) . Furthermore, we report here that exogenous administration of 5-HT causes potent fat reduction in C. elegans despite increasing feeding rate. Thus, similar to mammals, the deficiency and excess of 5-HT lead to fat accumulation and loss, respectively, in C. elegans. Unlike mammals, the regulation of C. elegans fat levels by 5-HT is inversely correlated with 5-HT-induced feeding rates.
To decipher the molecular relationships between various 5-HTregulated responses, we identified molecular determinants of 5-HT-induced fat reduction. Our findings indicate that in C. elegans, serotonergic regulation of fat is molecularly dissociated from serotonergic regulation of feeding. We identified both neurally and peripherally expressed genes that mediate serotonergic fat reduction, as well as internal homeostatic signals that modulate feeding rate. Our findings suggest that feeding behavior and fat metabolism are coordinated but independent responses of the nervous system to intrinsic and extrinsic cues of nutrient avai- lability. Since several lines of evidence suggest that 5-HT-induced changes in feeding alone cannot account for the observed effects on fat content in mammals (Fernstrom and Choi, 2008) , we speculate that the regulation of fat content independent of feeding may be the principal, evolutionarily conserved mechanism of serotonergic fat metabolism.
RESULTS
Increased 5-HT Signaling Causes Fat Reduction in C. elegans Chronic administration of exogenous 5-HT to wild-type animals decreased fat content (Figure 1 ) but increased feeding rate (Horvitz et al., 1982) (Figure 2A ). Reduced fat content of 5-HT-treated animals was visualized by Nile red staining (Figures 1A and 1B) and confirmed by thin-layer chromatography (TLC) quantitation of total triglycerides extracted from vehicle-and 5-HT-treated worms ( Figure 1C ) and by Sudan black fat staining (see Figure S1 available online). 5-HT-induced fat decrease was dose dependent and reversible (Figure 1 ; Figure S1 ). The 5 mM 5-HT dose has typically been used for locomotor, egg-laying, and feeding-rate assays (Dempsey et al., 2005; Hobson et al., 2006; Horvitz et al., 1982) , and it is estimated that the effective 5-HT concentration in worms is approximately 1000-fold below that added to culture plates. 5-HT treatment caused similar fat and feeding responses in both larval-stage animals and adults (data not shown), indicating that the observed phenotypes were due to regulatory rather than developmental processes.
Other manipulations to increase endogenous concentrations of synaptic 5-HT also reduced fat content. Administration of fluoxetine, a 5-HT-specific reuptake inhibitor (Messing et al., 1975) , elicited fat reduction similar in magnitude to exogenous 5-HT treatment (Figure 1 ), while animals deficient in mod-5, a 5-HT reuptake transporter (Ranganathan et al., 2001) , displayed reduced fat levels relative to wild-type animals ( Figure 1 ). While mod-5(n3314) mutants were further susceptible to the fat-reducing effects of exogenously administered 5-HT, consistent with previous identification of MOD-5 as a target of fluoxetine (Ranganathan et al., 2001) , these animals were resistant to further fat reduction by fluoxetine treatment ( Figures 1A and  1B ). Thus, despite increasing feeding rate, excess 5-HT signaling from exogenous and endogenous sources reduces fat content.
Distinct Receptors Mediate Serotonergic Regulation of Fat, Feeding, and Egg Laying To determine the relationships between various 5-HT-regulated processes, we examined the fat levels of animals defective in various 5-HT-modulated behaviors. ser-1 and ser-7, which encode two serotonergic G protein-coupled receptors (GPCRs), are required for the feeding rate and egg-laying rate increases of 5-HT-treated animals Xiao et al., 2006) . ser-1(ok345) and ser-7(tm1325) mutants displayed wild-type fat levels and were resistant to 5-HT-induced feeding increase but remained subject to fat reduction by exogenous 5-HT to an extent indistinguishable from wild-type animals ( Figure 2 ). Thus, receptors that mediate the serotonergic increase in feeding rate are distinct from pathways mediating serotonergic fat reduction. Table 1 . mod-1(ok103) and ser-6(tm2146) animals retained a significantly greater proportion of their fat upon 5-HT treatment when compared to wild-type. Data are expressed as a percentage of vehicle-treated wild-type animals ± SEM. **p < 0.005.
5-HT modifies the physiological properties of pharyngeal muscles, leading to faster contraction-relaxation cycles, thereby affecting food intake (Niacaris and Avery, 2003) . These cycles are regulated by excitatory acetylcholinergic (McKay et al., 2004) and inhibitory glutamatergic signals (Avery, 1993) . eat-2 and eat-18, encoding a pharyngeal muscle-localized nicotinic acetylcholine receptor and a predicted transmembrane protein, respectively, and avr-15, encoding a glutamate-gated chloride channel, are required for nicotinic and glutamatergic regulations of pharyngeal muscle, respectively (Dent et al., 1997; McKay et al., 2004) . Without 5-HT treatment, avr-15(ad1051) mutants had wild-type fat content while eat-2(ad1113) and eat-18(ad1110) animals showed dramatically diminished fat levels ( Figure S2 ). The fat levels of all three mutants were further diminished by 5-HT ( Figure S2 ), demonstrating that 5-HT exacerbates the reduced fat of feeding-defective animals.
As with feeding, we found that the serotonergic modulation of egg laying was molecularly independent of serotonergic fat regulation. In addition to ser-1 and ser -7, egl-30, egl-8, and egl-19 , which encode Gaq, PLC-b, and an L-type calcium channel a subunit, respectively, are required for serotonergic stimulation of egg laying (Schafer, 2006) . The egg-laying-defective mutants egl-30(js126), egl-8(n488), and egl-19(ad1015) (Trent et al., 1983) had nearly wild-type fat and were fully susceptible to the fat-reducing effects of 5-HT ( Figure S2 ). Similar results were obtained for the egg-laying-constitutive mutants unc-2(e55) and unc-36(e251), which encode subunits of an L-type voltage-gated calcium channel required for adaptation to 5-HT, wild-type feeding rate, and movement (Schafer, 2006; Schafer and Kenyon, 1995) (Figure S2 ), and for animals mutant in ser-4, which encodes a serotonergic GPCR implicated in egg laying (Dempsey et al., 2005) (Figure 2 ).
Based on sequence similarity to mammalian receptors, the C. elegans genome encodes at least 16 putative biogenic amine GPCRs (Bargmann, 1998; Chase and Koelle, 2007) as well as MOD-1, a 5-HT-gated chloride channel required for the reduction in locomotor rate when food-deprived animals re-encounter food . In addition to serotonergic SER-1, SER-4, and SER-7 receptors, functional and pharmacological analyses have placed a subset of the other 13 GPCRs in dopaminergic, octopaminergic, and tyraminergic signaling pathways (Chase and Koelle, 2007) (Table S1 ). We examined available loss-of-function mutants in 12 of the 13 putative biogenic amine GPCRs (Table S1 ) as well as the serotonergic chloride channel mod-1 for their potential roles in 5-HT-induced fat reduction. Only loss-of-functions mutations in mod-1 and the GPCR encoded by Y54G2A.35/ser-6 partially abrogated 5-HT-induced fat reduction ( Figure 2 ). By contrast, egg-laying and feeding rates of mod-1(ok103) and ser-6(tm2146) animals were indistinguishable from wild-type animals with or without 5-HT treatment (Dempsey et al., 2005) (Figure 2A and data not shown).
Without 5-HT treatment, mod-1(ok103) animals had excess fat, while fat levels of ser-6(tm2146) mutants were indistinguishable from wild-type ( Figure 2 ). We confirmed the excess fat content of mod-1(ok103) mutants by TLC analysis ( Figure S3A ). Relative to their basal levels, wild-type, mod-1(ok103), and ser-6(tm2146) mutants retained 40%, 70%, and 80% of their fat upon 5-HT treatment, respectively ( Figure 2 ). Thus, mod-1 and ser-6 mutants are proportionally less susceptible to the fat-reducing effects of 5-HT. To evaluate whether the role of mod-1 simply reflected increased basal fat content, we examined the effects of 5-HT on 100 RNAi-induced gene inactivations that increase fat (Ashrafi et al., 2003) . Despite increasing overall fat content, none of these RNAi treatments blocked the fat-reducing effects of 5-HT (data not shown). Together, these findings suggest that the MOD-1 channel and the SER-6 GPCR play specific roles in 5-HT-induced fat reduction.
We found that a GFP reporter fused to the putative promoter sequence of ser-6 exclusively expressed in a subset of head and tail neurons ( Figure S3B ). GFP reporter expression of mod-1 was previously reported in a few head, ventral cord, and tail neurons . Together, these results indicate that serotonergic regulation of fat is mediated through neurally expressed receptors that are distinct from serotonergic receptors that modulate feeding and egg-laying behaviors.
5-HT-Mediated Fat Loss Is Independent of Insulin Signaling
As in mammals, insulin signaling is a major neuroendocrine regulator of energy balance in C. elegans (Nelson and Padgett, 2003) . Moreover, several lines of evidence suggest a crosstalk between C. elegans 5-HT and insulin signaling pathways. For instance, active signaling through the DAF-2 insulin receptor inactivates the FOXO transcription factor DAF-16 by inhibiting its translocation from the cytoplasm to the nucleus (Liang et al., 2006) . Food deprivation, inactivation of insulin signaling, and 5-HT deficiency promote DAF-16 nuclear localization (Liang et al., 2006) . In turn, exogenous 5-HT shifts DAF-16 to the cytoplasm in a DAF-2-dependent manner (Liang et al., 2006) . Although daf-2(e1370) mutants have increased fat (Kimura et al., 1997) , we found that these mutants remained susceptible to 5-HT-induced fat reduction ( Figure S4 ). Similarly, daf-16 loss of function did not alter the fat-reducing effects of 5-HT ( Figure S4 ). Thus, insulin signaling is not required for the fat-reducing effects of 5-HT.
Peripheral Lipid Oxidation Pathways Are Required for 5-HT-Induced Fat Reduction Our results indicated a dissociation between serotonergic fat and feeding mechanisms. Fat-reducing effects of 5-HT could not be attributed to enhanced locomotory activity, as increased 5-HT signaling suppresses C. elegans locomotory rate (Horvitz et al., 1982) . Therefore, we investigated the contribution of metabolic pathways by assessing the requirement of each of 100 metabolic genes, encoding various components of fatty acid b-oxidation, ketogenesis, triacylglycerol synthesis, and fatty acid elongation and desaturation (Table S2) , for 5-HT-mediated fat reduction. 5-HT-treated animals on control or most test RNAi clones retained only 35% or less of their basal fat levels (data not shown). By contrast, each of nine gene inactivations partially blocked the fat-reducing effect of 5-HT, allowing for 60%-83% fat retention (Figure 3 ; Table 1 ).
Six of these RNAi clones targeted genes predicted to encode conserved components of mitochondrial and peroxisomal b-oxidation pathways. These were an acyl-CoA oxidase (F08A8.4/ aco) and an enoyl-CoA hydratase (F43H9.1/ech), which catalyze the first two steps of peroxisomal b-oxidation (Salway, 1999) ; carnitine palmitoyltransferase-1a (W01A11.5/cpt-1a), required for transport of fatty acyl-CoAs into mitochondria; and a medium-chain acyl-CoA dehydrogenase (T08G2.3/mcad), a 3 0 -hydroxyacyl-CoA dehydrogenase (F01G4.2/3 0 OH-acd), and an acetoacetyl-CoA thiolase (T02G5.8/kat-1), all of which are mitochondrial components of fatty acyl-CoA breakdown (Salway, 1999) (Figure S5A) . Additionally, this screen identified a fatty acid binding protein (EEED8.2/fabp) and two acyl-CoA synthases, F37C12.7/acs-4 and Y76A2B.3/acs-5, homologous to mammalian acs-4 and acs-5, respectively. ACS proteins catalyze the attachment of coenzyme A to fatty acids, activating them for breakdown or synthesis, while FABPs facilitate intracellular transport of fatty acids (Salway, 1999) . Among these nine genes, we selected Y76A2B.3/acs-5 and confirmed by Sudan black staining that this gene inactivation suppressed 5-HT-induced fat reduction ( Figures S6A-S6F ). Together, these results suggest that the flux of stored fats through b-oxidation pathways partially accounts for the fat reduction in 5-HT-treated animals.
For each of the nine genes identified, the C. elegans genome encodes multiple family members, all of which were included in our RNAi screen (Table S2 ). While we do not know the efficacy of RNAi for all clones tested, our findings suggest that the fatreducing effects of 5-HT are dependent on specific family members. In support of this assertion, we found that RNAi inactivations/loss-of-function mutations in some of the other family members caused dramatic increases in fat content without blocking the fat-reducing effects of 5-HT (data not shown).
To determine sites of function of these metabolic genes, we generated reporter fusions utilizing 2-3 kb of each gene's predicted promoter sequence fused to GFP. These transcriptional reporters primarily showed expression in the intestine and in the skin-like epidermis, two major sites of C. elegans fat storage (Figures 4A-4H ; Table 1 ). These data were consistent with a previous report of T02G5.8/kat-1 thiolase expression in intestinal and muscle tissues (Mak et al., 2006) . The predicted peroxisomal F08A8.4/aco and F43H9.1/ech were most strongly expressed in intestinal cells, while the predicted mitochondrial b-oxidation genes showed expression in both the epidermis and the intestine.
To further evaluate the roles of the nine metabolic genes, we assessed their transcriptional responses to 5-HT by real-time qPCR. 5-HT treatment elicited transcriptional upregulation in several of the nine genes, including 4-to 6-fold increases in Y76A2B.3/acs-5 and T08G2.3/mcad ( Figure 4I ). These findings indicate that neural 5-HT signaling initiates a signaling cascade to ultimately promote fat utilization via select lipid oxidation pathways in the periphery.
5-HT Treatment Increases Energy Expenditure Fueled by Fat Oxidation
One explanation for increased activation of lipid oxidation pathways may be an increased demand for energy expenditure in 5-HT-treated animals. To assess this possibility, we designed and Table 1 . **p < 0.005 versus wild-type on vector control RNAi.
validated an assay for oxygen consumption as a measure of total-body energy expenditure ( Figures S5B-S5D ). Oxygen consumption in 5-HT-treated animals was increased by 15% relative to vehicle-treated animals, while it was reduced by 30% in 5-HT-deficient tph-1(mg280) mutants compared to wildtype animals ( Figure 5A ; Figure S5D ). Without 5-HT, animals exposed to control or each of the nine metabolic RNAi clones displayed oxygen consumption rates similar to wild-type animals (Figure 5A) . By contrast, inactivations of each of F37C12.7/acs-4, Y76A2B.3/acs-5, W01A11.5/cpt-1a, and F08A8.4/aco fully suppressed the increased oxygen consumption of 5-HT-treated animals ( Figure 5A ). While inactivations of each of EEED8.2/fabp, T08G2.3/mcad, F43H9.1/ ech, F01G4.2/3-hacd, and T02G5.8/ kat-1 partially blocked 5-HT-induced fat reduction, they had no effect on the increased oxygen consumption rates of 5-HT-treated animals ( Figure 3 ; Figure 5A ).
Given that ACS proteins activate fatty acids into acyl-CoA moieties that are subsequently imported into peroxisomes and mitochondria by actions of ACO and CPT-1a proteins (see Figure S5A ) (Salway, 1999) , our findings suggested that flux of fats through b-oxidation pathways is a principal mechanism for meeting increased energy expenditure of 5-HT-treated animals. However, once fatty acyl-CoAs gain entry into peroxisomal or mitochondrial oxidation pathways, blockage of their breakdown uncouples fat reduction and energy expenditure, perhaps through activation of compensatory mechanisms of ATP generation through glycolysis or protein degradation. Indeed, pharmacological or genetic inactivations of mammalian mitochondrial fatty-acid b-oxidation pathways elicit such compensatory increases in glucose oxidation (Adhikari et al., 2007) and oxygen consumption (Hutter et al., 1985) .
Metabolic Intermediates Regulate Feeding Rate
Inactivations of either F08A8.4/aco or W01A11.5/cpt-1a not only abrogated 5-HT-induced increase in oxygen consumption but reduced oxygen consumption below the levels observed when animals were treated with RNAi alone ( Figure 5A ). In the mammalian hypothalamus, buildup of long-chain fatty acyl-CoAs and inactivation of CPT-1a, which leads to acyl-CoA accumulation, inhibit feeding (Lam et al., 2005) . Since accumulation of acylCoA moieties correlates with plentiful energy supplies, their effects on food intake have been interpreted as homeostatic satiety signals (Lam et al., 2005) . Similarly, we found that inactivation of F08A8.4/aco or W01A11.5/cpt-1a, but none of the other metabolic genes, abrogated the increased feeding rate of 5-HTtreated animals ( Figure 5B ).
Given the mammalian precedents, we hypothesized that the normalized feeding rates of 5-HT-treated animals in which either F08A8.4/aco or W01A11.5/cpt-1a had been inactivated reflected accumulation of acyl-CoA moieties. Direct biochemical measurements of acyl-CoA moieties from C. elegans extracts are challenging since these moieties are produced in small quantities and in only a subset of cells. To provide evidence for our hypothesis, we tested whether excess dietary fatty acids affected the feeding rate of well-fed wild-type animals. Exposure to 1 mM oleic acid (C18:1n-9) for 30 min resulted in 20% reduction in feeding rate ( Figure 5C ) but no other obvious concomitant behavioral and morphological changes. This reduction in feeding was abrogated by a 30 min pretreatment with 1 nM triacsin C, a pharmacological inhibitor of ACS enzymes, and also by RNAi-mediated inactivation of either F37C12.7/acs-4 or Y76A2B.3/acs-5 ( Figure 5C ). At the indicated concentration, triacsin C administration alone had no effects on feeding rate ( Figure 5C ), supporting the notion that conversion of dietary oleic acid to its CoA derivatives causes decreased feeding rate.
These results reveal that the simultaneous mobilization of stored fatty acids via serotonergic signals and the prevention of their breakdown via inactivation of genes that function as gatekeepers of b-oxidation elicit a homeostatic reduction in feeding rate. Thus, as in mammals, acyl-CoA moieties or their metabolic derivates likely function as feeding regulatory signals in C. elegans. Ogg et al. (1997) . d Predicted using TargetP and PSORT as described previously (Van Gilst et al., 2005) . e This study. f Mak et al. (2006) .
mod-1 and ser-6 Link Neural Serotonergic Signals to Peripheral b-Oxidation Pathways
To determine pathway relationships between neural and peripheral components required for serotonergic fat reduction, we performed pairwise epistasis analyses between several pathway components. Upon 5-HT treatment, mod-1(ok103);ser-6(tm2146) double mutants retained a greater proportion of their fat compared to either single mutant alone ( Figures 6A and 6B) . Moreover, RNAi inactivation of Y76A2B.3/acs-5 and F08A8.4/ aco in ser-6(tm2146) did not alter basal fat levels or fat retention of these mutants when treated with 5-HT. By contrast, inactivations of either Y76A2B.3/acs-5 or F08A8.4/aco improved the proportion of fat retained in 5-HT-treated mod-1 mutants without altering the fat content of untreated animals ( Figure 6C ; Table S3 ). These findings suggested that mod-1 and peripherally expressed metabolic genes define a pathway of serotonergic fat regulation that is mechanistically distinct from that defined by ser-6. We examined the transcriptional profiles of the nine peripheral lipid oxidation genes by real-time qPCR in mod-1(ok103) and ser-6(tm2146) mutants with or without exogenous 5-HT. Inactivation of mod-1 did not alter the expression levels of these metabolic genes in the absence of 5-HT treatment but abrogated increased transcriptional changes elicited by 5-HT treatment ( Figure 4I ; Figure S6G ). In the absence of 5-HT, inactivation of ser-6 resulted in transcriptional downregulation of a subset of peripheral lipid oxidation genes ( Figure S6G ). Although 5-HT treatment of ser-6 mutants caused transcriptional upregulation of peripheral lipid oxidation genes, expression levels of these genes remained below those observed in 5-HT-treated wild-type animals, and in some cases even below those of untreated animals ( Figure S6G ). These findings further support the notion that ser-6 and mod-1 define distinct mechanisms mediating serotonergic fat regulation.
Together, these analyses suggest that peripheral lipid oxidation genes remain effectively inactivated in ser-6 mutants such that their inactivation by RNAi does not further improve fat retention in 5-HT-treated ser-6 animals. By contrast, since these genes display wild-type basal expression levels in mod-1 animals, they contribute to 5-HT-induced fat reduction because mod-1 is required for 5-HT-induced upregulation of these genes.
DISCUSSION
In this report, we delineate a genetic and molecular framework for C. elegans serotonergic fat and feeding regulation. Our findings suggest that serotonergic regulation of fat is not a consequence of other 5-HT-regulated behaviors but rather a distinct metabolic response initiated in the nervous system. We identified the 5-HTgated chloride channel encoded by mod-1 and the GPCR encoded by ser-6 as components of signaling mechanisms linking neural 5-HT to peripheral mobilization of fat stores. This feeding-independent neural fat regulatory pathway ultimately causes fat reduction by promoting lipid oxidation via select b-oxidation genes in the periphery. In turn, we found evidence that C. elegans modulate their feeding rate in response to peripheral accumulation of acyl-CoAs or their derivates, which are postulated to be gauges of fuel availability in mammals (Lam et al., 2005) . Thus, the C. elegans nervous system can regulate fat content independent of feeding behavior, but this behavior is subject to homeostatic regulation by internal cues of energy availability.
In both C. elegans and mammals, excess 5-HT signaling is associated with fat loss while reduced signaling is associated with fat accumulation. Unlike mammals, serotonergic effects on C. elegans fat are inversely correlated with its effects on feeding. Interestingly, several lines of evidence from mammalian studies suggest that changes in feeding alone cannot account for the observed effects of 5-HT deficiency or excess on fat content. First, while 5-HT 2C receptor mutant mice are chronically hyperphagic and hyperactive, they do not develop obesity until 5-6 months of age (Nonogaki et al., 2003) . This obesity develops without a further increase in hyperphagia and despite increased hyperactivity. Second, in both rodents and humans, chronic administration of serotonergic compounds promotes fat reduction that can be maintained for extended periods of time as long as drug treatment is continued; however, the reported feeding reduction, while significant upon initiation of drug treatment, is only transient and quickly rebounds to pretreatment levels despite continued drug treatment and maintenance of reduced weight (Fernstrom and Choi, 2008; Vickers et al., 2000) . Upon discontinuation of drug treatment, weight gain resumes without further increases in feeding (Choi et al., 2002) . Third, the central melanocortin pathway, a principal regulator of fat and feeding (Ellacott and Cone, 2006) , has been shown to mediate the anorectic effects of increased central 5-HT signaling (Heisler et al., 2003) . Selective expression of the melanocortin-4 receptor (MC4R) in subpopulations of neurons in mc4r null mice revealed that the effect of MC4R on food intake is dissociable from its effect on energy expenditure (Balthasar et al., 2005) . Finally, similar to C. elegans, changes in central serotonergic signaling also elicit changes in energy expenditure in both rodents and humans (Even and Nicolaidis, 1986; Lam and Heisler, 2007; Le Feuvre et al., 1991; Rothwell and Stock, 1987) . Thus, in mammals, as in C. elegans, 5-HT regulation of fat may be largely independent of feeding, highlighting the ancient origins of 5-HT as a regulator of energy balance and that the basic organization of central vertebrate serotonergic nervous systems was already established in their invertebrate ancestors (Hay-Schmidt, 2000) .
Since C. elegans directly match their feeding rates to increasing and decreasing food concentrations, 5-HT-induced effects on fat and feeding in C. elegans are consistent with the role of this neuromodulator as a sensory gauge of nutrient availability. As in animals preparing for the hibernating dauer state, which is characterized by buildup of fat reservoirs, the excess fat of 5-HT-deficient animals is a response consistent with the perception of diminishing food availability and a shift in metabolism that favors energy conservation and directs nutrients into fat reservoirs. Accordingly, 5-HT-induced fat reduction is consistent with the reactivation of energy-utilizing pathways that accompany the resumption of growth and reproduction once food is available. Moreover, we found that 5-HT treatment caused increased feeding rates even when animals were already well fed. Since C. elegans can distinguish food quality in a 5-HT-dependent manner (Shtonda and Avery, 2006) and since their feeding rate can be modulated based on previous experience of starvation (Avery and Horvitz, 1990) , we postulate that, rather than serving as a simple switch indicating food presence, 5-HT signaling functions as a sophisticated gauge whose relative abundance could reflect various food-related contexts and experiences. The full range of environmental and physiological signals that could operate through 5-HT signaling are not yet known.
Given the contributions of the serotonergic pathway to energy balance across phylogeny, we speculate that human counterparts of feeding-independent fat regulatory genes identified in our study may similarly regulate energy balance.
EXPERIMENTAL PROCEDURES

C. elegans Maintenance and Strain Constructions
Nematodes were cultured on OP50 bacterial lawns on nematode growth medium (NGM) plates at 20 C. N2 Bristol was used as the wild-type reference strain. The following outcrossed strains were analyzed: eat-18(ad1110) I, egl-30(js126)I, daf-16(mgDf47)I, mod-5(n3314)I, eat-2(ad1113)II, tph-1(mg280)II, ser-4(ok512)III, unc-36(e251)III, daf-2(e1370)III, egl-19(ad1015)IV, ser-6(tm2146) IV, mod-1(ok103)V, avr-15(ad1051)V, egl-8 (n488)V, ser-1(ok345)X, ser-7(tm1325)X, and unc-2(e55) X. GPCR mutants are listed in Table S2 . When generating double mutants, desired genotypes arising from a cross were determined by PCR analysis. For all experiments, strains were synchronized by hypochlorite treatment of gravid adults.
5-HT, Fluoxetine, Oleic Acid, and Triacsin C Treatment 5-HT hydrochloride powder (Sigma) was dissolved in 0.1 M HCl to a concentration of 0.1 M and added to NGM plates seeded with either OP50 or vector RNAi (HT115) to a final plate concentration of 5 mM, or 10 mM (only when noted). Plates were allowed to equilibrate overnight and used the next day. For vehicle-treated controls, 0.1 M HCl was added to plates to a final concentration of 5 mM. This HCl treatment did not affect growth, viability, or fecundity. Synchronized L1-stage animals were plated on vehicle-or 5-HT-treated plates, and fat content, feeding rate, and oxygen consumption were measured in young adults. We noted that 5-HT was more efficacious on HT115 bacteria (60%-70% fat reduction) compared to OP50 bacteria (50%-60% fat reduction). Fluoxetine (Sigma) was used at a final concentration of 20 mg/ml. Oleic acid (Sigma) was solubilized in 45% (w/v in dH 2 O) 2-hydroxypropyl-b-cyclodextrin to 1 M and then added to NGM/OP50 plates with PBS to a final concentration of 1 mM. Triacsin C (Sigma) was solubilized in DMSO and used at 1 nM concentration on NGM/OP50 plates. In both cases, L4-stage animals were transferred to plates containing the appropriate vehicle or drug for the designated time period before counting feeding rate. Chronic treatment with triacsin C (1 mM) resulted in larval arrest.
Nile Red Staining, Image Acquisition, and Quantitation Nile red staining of nematodes was conducted as described previously (Ashrafi et al., 2003) . For routine examination and screening, Nile red fluorescence was visualized using a Zeiss SV11 M2-Bio microscope equipped with a Texas red filter (596 nm excitation, 613 nm emission). For image analyses and quantitation, images were captured using a digital CCD camera (Hamamatsu C4742-95-12ER) attached to a Zeiss Axioplan II microscope. All Nile red images were acquired using identical settings and exposure times to allow direct comparisons. Images used for quantitation were captured such that pixel intensities were linear with exposure time and below saturation. Reported Nile red intensities of the first two pairs of intestinal cells were quantified using ImageJ software (NIH). This region accounts for most of the variation seen between all tested strains and conditions. For all Nile red quantifications, 8-10 worms of each genotype were randomly selected under the dissecting microscope (without fluorescence) and imaged as described. Each experiment was repeated at least three times, and all reported results were consistent in all repeats.
RNAi HT115 bacteria containing each RNAi vector (see Table S1 ) were tested as described previously (Ashrafi et al., 2003) with the following modification: after overnight growth, bacteria were pelleted and resuspended to 53 concentration, 0.1 ml of which was used for seeding each well of a 12-well plate containing 4 ml NGM agar, 6 mM IPTG, and 25 mg/ml carbenicillin. Next, Nile red and 5-HT or HCl vehicle were added on top of each well, and the plates were allowed to equilibrate overnight. Twenty to thirty synchronized wild-type or mutant L1 animals were placed per well and incubated at 20 C to adulthood.
Nile red assessment was performed on gravid adult animals. For each RNAi experiment, HT115 (vector alone) and OP50 control wells were also included. All 5-HT suppression phenotypes were confirmed by multiple (5-10) additional rounds of testing on the selected clones, whose identities were confirmed by DNA sequencing. At the time of scoring Nile red phenotypes, the identities of the target RNAi clones were unknown.
Sudan Black B staining Staining was performed as described previously (Kimura et al., 1997) with the following modification: 5-HT-treated animals were marked with FITC, mixed in with vehicle-treated animals, and stained in the same tube to minimize staining variation. Fat decrease in 5-HT-treated animals was scored first and then matched to genotype and conditions using FITC staining.
Measurement of Triacylglycerides
Synchronized L4-stage animals were washed off 6 cm plates using 0.9% NaCl, centrifuged gently to pellet worms, and washed twice in 0.9% NaCl. After incubation for 20 min at room temperature, nematodes were pelleted again by centrifugation and resuspended in 500 ml H 2 O. One hundred microliters was removed for protein determination, and total cellular lipids were extracted from 400 ml nematode suspension as described previously (Bligh and Dyer, 1959) . For quantification of triacylglycerides, extracts were applied to Silica Gel 60 plates (Merck) with the aid of a sample applicator (Linomat IV; CAMAG, Muttenz, Switzerland), and chromatograms were developed using the solvent system hexane/diethyl ether/acetic acid (70:30:1, v/v). Triacylglycerides were visualized by postchromatographic staining by dipping plates for 6 s into a developing reagent consisting of 0.63 g of MnCl 2 , 60 ml of water, 60 ml of methanol, and 4 ml of concentrated sulfuric acid, briefly dried, and heated at 100 C for 30 min. Quantification of triacylglycerides was carried out by densitometric scanning at 400 nm using a Typhoon Trio variable-mode imager (Amersham Biosciences) with triolein (Sigma) as a standard. The worm suspension removed for protein determination (100 ml) was adjusted to a final volume of 400 ml with H 2 O and sonicated twice for 30 s (Branson, intensity level 20). Tris-HCl and SDS were added to the extracts to a final concentration of 40 mM and 0.1%, respectively, and incubated for 1 hr at 4 C. The protein concentration was determined using the Qubit assay system according to the manufacturer (Invitrogen). All measurements were performed in triplicate per strain, and each strain was subject to at least two independent rounds of triglyceride measurement.
Feeding Rate Assay
Feeding rates were measured in gravid adults raised at 20 C on OP50 or RNAi bacteria. All measurements were performed at room temperature (22 C).
Feeding rate was measured for each animal by counting the rhythmic contractions of the pharyngeal bulb over a 10 s period under a Zeiss M2-Bio microscope. For each genotype, ten animals were counted per condition and the experiment was repeated at least three times.
Oxygen Consumption Assay
Oxygen consumption was measured in gravid adult animals washed off culture plates with S basal and then washed once more with S basal. For each genotype, 200 animals were deposited in a single well of a 96-well plate containing a biosensor film whose fluorescence intensity increases in proportion to the amount of oxygen consumed (BD Biosciences). Oxygen consumption was measured over a 3 hr period, which we determined empirically to be required for the biosensor film to reach equilibrium. The data reported are endpoint measurements since they accurately reflect changes in oxygen concentration of the samples rather than changes due to equilibration of the biosensor film. Within a single experiment, each genotype was measured in quadruplicate, and each experiment was repeated three to five times. Fluorescence (485 nm excitation, 590 nm emission with cutoff at 550 nm) was measured using a Molecular Devices FlexStation. The mitochondrial uncoupler rotenone (Salway, 1999 ) (Sigma) decreased oxygen consumption in a dose-dependent manner and was used to validate the assay.
Real-Time qPCR
Total RNA extraction, cDNA preparation, and real-time qPCR were performed as described previously (Van Gilst et al., 2005) . Primer sequences used for the genes tested are listed in Table S4 . The data were standardized to GAPDH, which did not vary by more than one cycle threshold value in all conditions tested. For all conditions tested, two independent rounds of nematode growth followed by multiple cDNA preparations from each growth were performed to ensure the accuracy and consistency of the observed changes.
Generation of GFP Reporter Fusion Constructs and Transgenic Animals
GFP reporter constructs were generated using Gateway Technology (Invitrogen) reagents. The promoters for W01A11. 5, F37C12.7, F43H9.1, F01G4.2, T02G5.8 , and EEED8.2 were obtained from Open Biosystems. These promoters included an approximately 2 kb region upstream of the start site for each corresponding gene. For Y54G2A.35, Y76A2B.3, and T25G12.5, we PCR amplified 2-3 kb upstream of each gene's start site, typically where the next upstream coding sequence was located. We tested two promoters for F08A8.4, a short 0.5 kb promoter and a longer 2 kb promoter beginning within the penultimate exon of the upstream gene, both of which gave identical results. Promoters were cloned into the Gateway vector pDONR-P4-P1R (a gift from M. Vidal) and sequenced to confirm their identity. In all cases, promoters were placed upstream of a GFP reporter with an unc-54 3 0 UTR.
Purified plasmids were injected into the gonads of wild-type N2 animals to obtain stable transgenic lines. At least ten independent transgenic lines were generated for each construct, and 20-30 animals from three to five lines were examined in detail to confirm the consistency of expression patterns. Images were captured using a digital CCD camera (Hamamatsu C4742-95-12ER) attached to a Zeiss Axioplan II microscope equipped with a FITC/GFP filter (500-515 nm emission).
Statistical Analyses
Student's t test was used to determine the significance of the data for feeding rate, fat content, and oxygen consumption assays.
SUPPLEMENTAL DATA
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